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Fin rayinvolving chromatin modiﬁcation plays a critical role in the maintenance of the
expression of Hox genes. Here, we characterize a mutant of the medaka ﬁsh, named biaxial symmetries (bis),
in which brpf1, a subunit of the MOZ histone acetyl transferase (HAT) complex, is mutated. The bis mutant
displayed patterning defects both in the anterior–posterior axis of the craniofacial skeleton and the dorsal–
ventral axis of the caudal one. In the anterior region, the bismutant exhibited craniofacial cartilage homeosis.
The expression of Hox genes was decreased in the pharyngeal arches, suggesting that the pharyngeal
segmental identities were altered in the bis mutant. In the posterior region, the bis mutant exhibited
abnormal patterning of the caudal skeleton, which ectopically formed at the dorsal side of the caudal ﬁn. The
expression of Zic genes was decreased at the posterior region, suggesting that the dorsal–ventral axis
formation of the posterior trunk was disrupted in the bismutant. We also found that the MOZ-deﬁcient mice
exhibited an abnormal patterning of their craniofacial and cervical skeletons and a decrease of Hox
transcripts. We propose a common role of the MOZ HAT complex in vertebrates, a complex which is required
for the proper patterning for skeletal development.
© 2009 Elsevier Inc. All rights reserved.Introduction
Determination of 3 axes, i.e., the anterior–posterior (A–P) axis,
dorsal–ventral (D–V) axis, and left–right (L–R) axis, underlies the
developmental processes of a vertebrate embryo as it forms from the
fertilized egg to achieve the proper morphology (Beddington and
Robertson, 1999; Kuratani, 2005). The A–P axis is governed by Hox
genes, which encode homeodomain-containing transcription factors.
Hox genes were ﬁrst described in Drosophila for their ability to cause
segmental homeotic transformation in the body plan (Lewis, 1978;
Wellik, 2007). A co-linear relationship exists between the relative
orders of Hox genes. Genes at the 3′ end of the Hox clusters are
activated ﬁrst in the most-anterior parts of the developing embryo,
whereas genes located at the more 5′ genomic position of the Hox
clusters are activated subsequently in the more posterior parts
(Frohman et al., 1993; Kmita and Duboule, 2003; Kondo and Duboule,
1999). The existence of a ‘Hox code’ has been proposed to assign
morphologies to each segment as a result of the combination of the
expression of each Hox gene (Kuratani, 2005; Wellik, 2007).l rights reserved.Anteriorly, the craniofacial skeleton is derived from the head
segmented pharyngeal arch, the fate of which is determined by Hox
genes located at the 3′ end of the chromosome (Piotrowski and Nusslein-
Volhard, 2000). For instance, targeted inactivationofHoxa2 inmice causes
homeotic transformation of the second arch to the skeletal element
derived from the ﬁrst arch with reverse polarity (Gendron-Maguire et al.,
1993; Rancourt et al., 1995; Santagati et al., 2005). Posteriorly, the fate of
the skeletal identity in the tail region is determined byHox genes located
at the 5′ end of the chromosome (Wellik and Capecchi, 2003). Targeted
disruption of Hox13 groups results in an anterior shift of morphology of
the vertebrae (Dolle et al., 1993; Economides et al., 2003; Godwin and
Capecchi, 1998). Thus, the proper regulation of Hox genes is required for
the proper morphology along the A–P axis.
The expression of Hox genes is regulated in dual phases: an early
phase, in which the initial expression pattern of Hox genes is
established along the A–P axis, and a late phase, in which the
expression pattern is sustained during further development
(Deschamps et al., 1999; Deschamps and van Nes, 2005). The initiation
of the expression of Hox genes depends on ﬁbroblast growth factor
(Fgf) and retinoic acid (RA) signals, and the counter gradients of Fgf
and RA signals control the A–P axis formation via regulation of the
expression of these Hox genes (Bel-Vialar et al., 2002; Deschamps and
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expression patterns of the Hox genes is regulated by the Polycomb-
group (PcG) and Trithorax group (TrxG) of proteins, which are involved
in the epigenetic mechanism via modulating the chromatin structure.
Previous reports have demonstrated that PcG proteins repress the
expression of Hox genes, whereas TrxG proteins maintain the active
state of their expression (Papp and Muller, 2006; Soshnikova and
Duboule, 2008). In mammals, targeted disruption of PcG genes; bmi,
mel-18, m33, and rae28, causes an anterior shift of the expression of
Hox genes, which results in the homeotic transformation of vertebrae
to posterior segmental identities (Akasaka et al., 1996; Akasaka et al.,
2001; Core et al., 1997; del Mar Lorente et al., 2000; Suzuki et al., 2002;
Takihara et al., 1997). Targeted disruption of amammalian trx gene,mll
in mice, causes a gradual reduction in the expression of Hox genes
during development (Glaser et al., 2006; Yu et al., 1998, 1995). In
addition, a histone acetyltransferase (HAT) of the MYST family, Moz
(Myst3), which has been implicated to act as a TrxG, is required for the
maintenance of the expression of Hox genes in the pharyngeal arches
during zebraﬁsh embryogenesis (Miller et al., 2004). Although these
studies on PcG and TrxG genes have shown several alterations of Hox
gene expression in restricted regions of developing embryos, PcG and
TrxG functions in the transcriptional regulation ofHox genes, especially
TrxG functions, have not been adequately demonstrated.
In this study, we isolated and characterized a mutant in medaka
named biaxial symmetries (bis), a mutant which displays patterning
defects not only in the A–P axis of its craniofacial skeleton but also in
the D–V axis of its caudal ﬁn. In the bis mutant, the craniofacial
skeleton was homeotically transformed into one with anterior
morphology. The expression of Hox genes was decreased in the
pharyngeal arches in the bis mutant, suggesting that the segmental
identities of pharyngeal arches had been disrupted. Positional cloning
revealed a loss of Brpf1 function in the bismutant. Brpf1, containing a
bromodomain and PHD ﬁnger, is a TrxGmember and a close partner of
the MOZ HAT complex (Doyon et al., 2006; Rokudai et al., 2009). This
study revealed that Brpf1 is essential for the maintenance of
expression of Hox genes not only in the anterior region, but also in
the posterior region. In the posterior trunk, disruption of Brpf1
function caused decreased expression of Zic genes, which regulate the
D–V axis of the caudal ﬁn. Furthermore, we characterized the skeletal
abnormality of the MOZ-deﬁcient mice, and demonstrated similar
abnormalities between the brpf1 medaka mutant and MOZ-deﬁcient
mice, thus implying a common role of the MOZ HAT complex in the
skeletal patterning of vertebrates.
Methods
Medaka strains and mutant screening
The medaka (Oryzias latipes) strain Cab was used for all studies as
the wild type. The Damutant was purchased from local pet shops. The
ﬁsh were maintained in an aquarium systemwith re-circulating water
at 28.5 °C. Naturally spawned embryos were obtained, incubated at
28 °C, and staged as previously described (Iwamatsu, 2004). Eggswere
maintained in the medaka Ringer's solution (0.65% NaCl, 0.04% KCl,
0.011% CaCl2, 0.01% MgSO4, 0.01% NaHCO3, 0.0001% methylene blue).
Mutagenesis using N-ethyl-N-nitrosourea (ENU) was performed
according to a standard protocol established for zebraﬁsh (Mullins et
al., 1994; Solnica-Krezel et al., 1994; van Eeden et al., 1999), with some
modiﬁcations (Tanaka et al., 2004). The male ﬁsh were exposed to 2.5
or 3 mM ENU for 2 h at room temperature in a buffer containing 0.03%
instant ocean (Tetra) and 1 mM sodium phosphate buffer at pH 6.5.
The ENU treatment was repeated at 7 days after the initial treatment.
Three weeks after the second ENU treatment, these male ﬁsh were
crossed with the wild-type females to produce families of F1 ﬁsh. The
F1 ﬁsh were then mated to each other to obtain F2 families. For each
F2 family, random crosses (up to 8 pairs) were made to obtain the F3progeny. Embryos and larvae were observed for their mutant
phenotypes under a stereomicroscope at 3 different stages (3, 5–6,
and 9–10 days after fertilization).
Whole-mount RNA in situ hybridization and skeletal staining
Whole-mount RNA in situ hybridization using digoxigenin-labeled
anti-sense RNA probes was performed as previously described
(Inohaya et al., 1995, 1999). For cartilage staining with Alcian blue
8GX (Sigma), larvae were ﬁxed with 4% paraformaldehyde (Sigma) in
PBS at 4 °C overnight, washed twice in PBS containing 0.1% Tween
(PBST) for 10 min, and stained with the Alcian blue solution (70%
ethanol, 30% acetic acid containing 0.1% Alcian blue) at room
temperature overnight. Larvae were hydrated by passage through a
graded series of PBS and decolorized in a solution of 1% KOH and 0.9%
hydrogen peroxide. Then the larvae were treated at room temperature
for less than 1 h with 0.1% trypsin (DIFCO) in a 30% sodium borate
saturated solution. The calciﬁed bone was stained with Alizarin red S
(Nacalai Tesque). For this staining, larvae were ﬁxed in 4% parafor-
maldehyde with 0.05 N sodium hydroxide at 4 °C overnight. After a
brief washing in PBST, the ﬁxed larvae were stained by immersion in
the Alizarin red solution (4% Alizarin red, 0.5% potassium hydroxide)
at room temperature for several hours or overnight. Stained samples
were stored in 80% glycerol and photographed. For visualization of the
cartilage inwhole mouse embryos (E14.5), embryos were ﬁxed in 95%
ethanol overnight and stained with Alcian blue solution (80% ethanol,
20% acetic acid containing 0.1% Alcian blue) for 24 h. They were then
washed for 24 h in 95% ethanol. Cartilages were cleared with 1% KOH.
Embryos were stored in 80% glycerol/1% KOH.
Positional cloning
The bis heterozygous ﬁsh maintained on the southern Cab
genomic background were mated with the wild-type northern HNI
ﬁsh to generate F1 families. Embryos for the genetic mapping were
obtained from inter-crosses of the F1 bis carriers. For establishment of
the initial genetic linkage, bulk segregant analysis was conducted on
pools of genomic DNA from the bis mutants and wild-type embryos
by using the sequence-tagged site (STS) markers on the medaka
genome (Kimura et al., 2004). The genetic interval was narrowed
down by the analysis of individual embryos by the use of additional
STS markers, MF01SSA007H10 and MF01SSA044E03 (Naruse et al.,
2000), and newly designed restriction fragment length polymorph-
ism (RFLP) markers, CRELD and BICD2 [CRELD, 5′-AGATAGAAGAC-
CAAGTGGAGACG-3′ and 5′-GTATCCTGGATCGCAGATGC-3′/HinfI;
and BICD2, 5′-TCTGCGGACAGTCCTAAAGG-3′ and 5′-TTGGACAGAG-
CAATCTCAGC-3′/HhaI]. cDNAs of brpf1 from the bis mutants and the
wild types were ampliﬁed in 2 groups of about 2000 base pairs (bps)
and the sequences veriﬁed. To directly conﬁrm the linkage between
the bis locus and brpf1, we ampliﬁed a part of brpf1 genomic DNA
(primers 5′-GCTAAGGACACGGTGTTTTAC-3′ and 5′-GCTGCCTGGTAC-
CATCTGTC-3′), and digested the PCR fragments with the restriction
enzyme DdeI, which cleaves the mutant-type allele, but not the wild-
type one. The nucleic acid sequence of medaka brpf1was deposited in
the DDBJ/EMBL/GenBank. Accession No. AB488461.
Immunohistochemistry
Embryos were ﬁxed with 4% paraformaldehyde/PBS for 2 h. After
ﬁxation, embryos were washed three times for 10 min each time with
MABT (0.1% Triton-X-100 in MAB, which was 100 mMmaleic acid and
150 mM NaCl, pH 7.5) and subsequently with MABDT (1% BSA and 1%
DMSO in MABT) twice for 30 min each time. After having been
blocked with 2% lamb serum in MABDT, embryos were incubated in
the blocking solution containing the primary antibody (1:200; anti-
Phospho-histone H3; Upstate) overnight at 4 °C. Embryos were
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30 min each time with 2% lamb serum in MABDT for blocking.
Thereafter, embryos were incubated with the secondary antibody
(1:1000; Alexa-488 conjugated anti-rabbit IgG; Molecular Probes)
overnight at 4 °C. Then, embryos were washed with MABT and
observed using a confocal microscope (Fluoview FV1000, Olympus).
Generation of construct and transgenic lines
A genomic fragment containing the brpf1 promoter and Brpf1
coding sequence was ampliﬁed in 2 parts (5′ half and 3′ half
fragments) from a BAC clone (ola148H10) by using the appropriate
primers. The ampliﬁed fragments were cloned into the TA cloning
vector. We then digested the 5′-half fragment with SalI and NotI, and
subcloned it into the XhoI/NotI sites of an I-SceI backbone vector,
which contains two I-SceI sites (Thermes et al., 2002). The 3′-half
fragment, digested with NcoI and NotI, was cloned into the NcoI site of
the inserted 5′-half fragment and the NotI site of the vector. This
plasmid was digested with I-SceI (New England Biolabs), and the
fragments (20 ng/μl) were injected into the cytoplasm of 1-cell stage
embryos. The embryos showing a transiently strong expression of the
exogenous gene were allowed to grow to adulthood. We then checked
the GFP expression in the next generation, and picked an embryo with
stable integration of the injected construct as the transgenic line.
Determination of the genotype of the rescued bis mutant was
performed by using ENU-induced polymorphism, which exists at theFig. 1. The bismutant displayed skeletal malformation. (A, B) Lateral view of a 3 dph larva. Th
(C–G) Craniofacial cartilage stained with Alcian blue. (C, D) Ventral view of wild-type an
Arrowheads indicate basihyal, which is decreased in the bismutant; and arrows, the ceratoh
region in “C” and “D”. The arrow in ‘F” indicates the ectopic cartilage at the lateral end of the
View of a ﬂat-mounted hyosymplectic and the ectopic cartilage of the bismutant. The shape o
was stained with Alizarin red. (H, I) Ventral view of the wild type and the bismutant. Arrows
Highly magniﬁed view of the tooth region. Arrows indicate this region, where small pharynge
indicate the ﬁrst vertebra, which is fused to the head in the bis mutant. bh, basihyal; ch, cer
branchiostegal ray; pt, pharyngeal tooth.genomic region 70 kb separated from the brpf1 mutation point. This
polymorphism showed strong linkage with the brpf1 mutation (0
recombinations per 980 meioses). It was difﬁcult to use the brpf1
mutation point itself for determining the genotype because of the
rescue construct containing the wild-type brpf1 sequence. The
genomic fragment was ampliﬁed by using the following primers:
forward, 5′-ACTTCTTCTGCTTCACATGTGAC-3′, and reverse, 5′-AGAGA-
CAGTCCTGGTATTCGG-3′, and sequenced by means of direct sequen-
cing for determination of the genotype.
Whole-mount in situ hybridization of mouse embryos
Whole-mount in situ hybridizations were carried out according to
the established protocol (Kondo and Duboule, 1999), using DIG-
labeled riboprobes. Embryos were permeabilized with 10 μg/ml
proteinase K for 15 min. Probes (Hoxa3 (Manley et al., 2004), Hoxa4
(Kawazoe et al., 2002), Hoxd10 (Renucci et al., 1992), Hoxd11(Izpisua-
Belmonte et al., 1991)) were described previously.
Results
Isolation of a medaka mutant that exhibits pharyngeal cartilage
homeosis
To investigate organogenesis of vertebrates, we performed a
medium-scale screening of medaka mutants obtained by ENUe bismutant has a shrunken head. Other tissues appeared to have a normal morphology.
d bis larvae. The bracket indicates the head region of the bis mutant and wild-type.
yal, which is short and thick in the mutant. (E, F) Highly magniﬁed view of black boxed
ﬁrst ceratobranchial in the bismutant, compared with the wild-type (arrow in “E’). (G)
f ectopic cartilage has features characteristic of the hyosymplectic. (H–M) Calciﬁed bone
indicate the branchiostegal rays, which are decreased in number in the bismutant. (J, K)
al teeth are seen in the bismutant. (L, M) Lateral–dorsal view of the neck region. Arrows
atohyal; cb 1–5, ﬁrst to ﬁfth ceratobranchial; bb, basibranchial; hs, hyosymplectic; bsr,
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The bis mutant dies several days after hatching. Morphological
examination showed the bis mutant to have a shrunken head (Figs.
1A, B). To visualize the craniofacial skeleton, we stained medaka
larvae at 3 days post hatching (dph) with Alcian blue for cartilage. The
craniofacial cartilage of the bis mutant was shrunk compared with
that of the wild-type larvae (Figs. 1C, D). In the bismutant, the length
of each gill cartilage (ceratobranchials) was shorter, and the basihyal
(derived from the second pharyngeal arch) was shortened compared
with that of the wild-type larva (Figs. 1C, D, arrowhead and brackets).
The ceratohyal (derived from the second pharyngeal arch)was shorter
and thicker than that of the wild type (Figs. 1C, D, arrow). The second
to the ﬁfth ceratobranchials in the bismutant were thicker and longer
than those in the wild-type larvae (Figs. 1C, D). Although the
basibranchial was separated in 2 parts in the wild-type larvae at the
third ceratobranchial, the basibranchial was fused and extended to the
ﬁfth ceratobranchial in the bis mutant (Figs. 1C, D, asterisk). In
addition, an ectopic cartilagewas detected at the lateral end of the ﬁrst
ceratobranchial (derived from the third pharyngeal arch) on both
sides of the head (Figs. 1C, D, square; E, F, arrow). An ectopic cartilage
was often observed at the lateral end of the second ceratobranchial
(Figs. 1C, D and Table 1). To further characterize the abnormalities of
the bismutant, we focused on the shape of the ectopic cartilage at the
lateral end of the ﬁrst ceratobranchial in the bis mutant. A ﬂat-
mounted observation revealed that the shape of the ectopic cartilage
had the characteristic feature of the hyosymplectic, which is normally
derived from the second pharyngeal arch (Fig. 1G). To observe the
calciﬁed bone, we stained the larvae with Alizarin red. Deformed
brachiostegal rays (Figs. 1H, I arrow) and small pharyngeal teeth (Figs.
1J, K, arrow) were observed in the bis mutant. In the cervical region,
the vertebrawith neural arch was fused to the head skeleton in the bis
mutant (Figs. 1L, M arrow). These results indicate that the bis mutant
exhibits patterning abnormality of its craniofacial skeleton, suggesting
that the pharyngeal segmental identity in the bis mutant had been
disrupted.Table 1
Skeletal phenotype of the bis mutant.
Cranio facial cartilage n=83
Arch2
Basihyal reduced 83 (100%)
Ceratohyal shorter and thicker 83 (100%)
Arch3
Ectopic cartilage at the lateral end of 1st cb 83 (100%)
Ectopic cartilage shape
Small fragment 5 (6.0%)
Simple stick shape 16 (19.2%)
Similar to hs 62 (74.7%)
Hyobranchials absent 83 (100%)
Posterior arch
Ectopic cartilage at the lateral end of 2nd cb 17 (20.4%)
Hyobranchials absent 83 (100%)
Ceratobranchials distally broadened 83 (100%)
Cervical and pharyngeal bone n=32
Fused vertebrate to head bone 28 (87%)
Reduced pharyngeal tooth 32 (100%)
Caudal skeleton n=50
Fused vertebrae 38 (76%)
Extra vertebra at the end of notochord 46 (90%)
Dorsally formed ﬁn rays 50 (100%)
Reduced hypurals 43 (86%)
Percentage of animals with each phenotype was listed. Phenotypes of craniofacial
cartilages were assessed by Alcian blue staining at 3 dph. Phenotypes of cervical and
pharyngeal bone were assessed by Alizarin red staining at 3 dph and those of caudal
skeletons were assessed by Alizarin red staining at 4 dph. These phenotypic differences
of caudal skeleton were most likely caused by the subtle difference of the
developmental stage in each animal.The bis mutant exhibits defective skeletal patterning at the posterior
region
The bis mutant exhibited disruption of the skeletal patterning
not only in the anterior head region, but also in the posterior
region. Compared with those of the wild-type larvae, the ﬁn rays
were ectopically formed at the dorsal region of caudal ﬁn in the
mutant (Figs. 2A, B, arrow); and the ossiﬁcation pattern was
disrupted at the caudal vertebrae in the bis mutant. An extra
vertebra had formed at the end of the notochord in the bis mutant
(Figs. 2A, B, arrowhead). In addition, the ossiﬁed hypural in the bis
mutant was smaller than that of the wild type, and the hypural of
the caudal most vertebra was deleted in the bis mutant (Figs. 2A,
B, asterisk). Morphological analyses of embryos stained with Alcian
blue revealed that the hypural was also ectopically formed at the
dorsal side of the caudal ﬁn and that each hypural was fused in the
bis mutant (Figs. 2C, D, arrow). Furthermore, the blood vessels
were ectopically extended at the dorsal side of the caudal ﬁn in the
bis mutant at 7 dpf (Fig. 2F, arrow) as opposed to their normal
pattern in the wild type (Fig. 2E, arrow). To further characterize
the caudal 287 ﬁn abnormality of the bis mutant, we examined
mitotic cells using mitotic marker phospho-histone H3 antibody at
day 7 post fertilization (7 dpf), because the mesenchyme of the
caudal ﬁn, which exists at the ventral caudal end of the notochord,
is known highly proliferative and involved in the development
of the caudal ﬁn (Hadzhiev et al., 2007; Sakaguchi et al., 2006).
In the wild-type larvae, the mitotic cells largely existed at the
ventral caudal end of the notochord (Fig. 2 arrow in G, I), as
reported previously (Hadzhiev et al., 2007; Sakaguchi et al., 2006);
whereas in the bis mutant, the mitotic cells existed not only at the
ventral caudal end of the notochord but also at the dorsal caudal
end (Fig. 2 arrow in H, I). These results indicate that the bis
mutant exhibits a defect in the dorsal–ventral patterning of caudal
ﬁn.
The bis locus encodes brpf1
To identify a genomic mutation in the bis mutant, we mapped the
mutated genomic position on the genetic linkage map by using the
sequence-tagged site (STS) markers, and subsequently mapped it to
within 0.1 cM distance in Linkage Group 7 (1 recombination among
980 meioses in Fig. 3A; see Methods). By searching for genes and
ESTs that have been previously mapped to this genomic region, we
found 3 predicted genes homologous to fgd1, wnk, and brpf1. We
then sequenced the RT-PCR fragment of these candidate genes from
bis and wild-type embryos, and found a T to A nonsense mutation in
the open reading frame of brpf1 cDNA (Fig. 3B). Using both the
alignment of vertebrate Brpf1 amino acid sequences and the 5′ and 3′
race methods, we identiﬁed the medaka full-length brpf1 cDNA
sequence, which encoded 5451 bp and a 1283 amino acid protein
with a high similarity to the mammalian Brpf1 (68% identical to
human and mouse Brpf1) and zebraﬁsh Brpf1 (77% identical to
zebraﬁsh one). In the medaka genome sequence, we could not ﬁnd
other paralogues of Brpf1. Brpf1 contains a BROMO domain, which
has a binding afﬁnity for the acetylated lysine of histones (Dhalluin
et al., 1999; Yang, 2004); a PHD domain, which has a binding afﬁnity
for tri-methylated lysine of histones (Pena et al., 2006; Taverna et al.,
2006); and a PWWP domain, which has afﬁnity for condensed
chromosomes (Laue et al., 2008; Turlure et al., 2006). In the bis
mutant, the T to A transition introduced a stop codon (Y810Stop) at
the end of BROMO domain, resulting in a truncated form of Brpf1
(Figs. 3B, C).
To examine the expression pattern of brpf1, we performed
whole-mount RNA in situ hybridization on medaka embryos. The
expression of brpf1 was ubiquitous at st 21 (Fig. 3D), whereas at st
30 it was decreased in the trunk region and expressed in the
Fig. 2. The bismutant exhibits D–V axis disruption in its caudal region. (A, B) Calciﬁed bone of the caudal ﬁnwas stained with Alizarin red. A lateral view of the wild type and the bis
mutant is shown. The arrow in “B” indicates the ectopic formation of ﬁn rays at the dorsal region in the bismutant; and that in “A” denotes its absence. The arrowhead in “B” indicates
the abnormal patterning of the vertebra formed at the tip of the notochord, whereas that in “A” shows the normal patterning. In “B”, the asterisk denotes the reduced or absence of
hypurals in the bismutant; and that in “A”, the normal hypurals. (C, D) Cartilage of the caudal ﬁn was stained with Alcian blue. A lateral view of the wild type and the bismutant is
shown. The arrow in ‘D” indicates the ectopic formation of the hypural cartilage at the dorsal side in the bismutant, compared with the wild-type (arrow in “C”). (E, F) Blood vessels
are visualized in the α-globin-GFP transgenic medaka. The blood vessel has ectopically extended at the dorsal side of the notochord in the mutant (F, arrow); and its absence there is
indicated by the arrow in “E”. (G, H)Mitotic cells were labeled with anti-phospho-histone H3 antibody. A lateral view of the caudal ﬁn is shown. The arrow in “H” points to the ectopic
proliferating cells at the dorsal side of the caudal region in the bismutant, compared with the wild-type (arrow in “G”). (I) Histogram showing that mitotic cells were signiﬁcantly
increased at the dorsal side in the bis mutant. Error bar indicate S.D. fr, ﬁn ray; hp, hypural.
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arrowhead). The expression of brpf1 was strong in the head region;
however, the expression of brpf1 was also detectable in the trunk
and caudal region by long exposure at 4 dpf (Figs. 3F, G). In the bis
mutant, brpf1 mRNA could be detected, suggesting that the bis
mutation does not affect the stability of brpf1 mRNA and that the
bis mutant produces truncated Brpf1 protein (Figs. 3H, I). In the
bis mutant, the expression of brpf1 mRNA existed, we then
examined how this mutation affects the Brpf1 function by
observing in vitro interaction with other members of the MOZ
HAT complex and cellular localization of Brpf1. We generated the
HA tagged human Brpf1 construct which contains the stop codon
at the corresponding site to the bis mutation. By the bis mutation,
the PWWP domain was deleted. Recently, it was demonstrated that
the PWWP domain was not required for the interaction with Moz
and Ing5 (Ullah et al., 2008). Consistent with this report, the
truncated Brpf1 was normally interacted with Moz and Ing5
(Supplementary Figs. 1A–C). Although the truncated Brpf1 could
be interacted with other members of the MOZ HAT complex,
truncated Brpf1 was not co-localized with the condensed chromo-
some of mitotic cells (Supplementary Fig. 1D) as described
previously (Laue et al., 2008; Turlure et al., 2006). These data
suggest that the bis mutation causes the defect of Brpf1 function.
brpf1 is the gene responsible for the bis mutant
To conﬁrm that the defects in the bis mutant were due to the
genomic mutation in the brpf1 gene, we rescued the bis mutant by
introducing into the bis mutant the wild-type brpf1 gene under the
control of the genomic brpf1 promoter region. To express the wild-type brpf1 in an appropriate position and stage, we ﬁrst obtained a
genomic DNA fragment involving the 6-kb upstream region from the
ﬁrst methionine codon of the brpf1 gene by the PCR. To check the
ability of this promoter region to express the brpf1 gene, we
constructed an EGFP reporter vector and generated transgenic
medaka. Fluorescent signals of EGFP were similar to the expression
pattern of endogenous brpf1 mRNA (Figs. 3J, K), suggesting the
suitability of this 6-kb promoter region. We then generated a
transgenic construct that contained the 6-kb promoter region, the
genomic sequence encoding the brpf1 gene, and the crystalin
promoter-GFP that is used for checking the transgene integration
into a chromosome (the construct is shown in Fig. 4A). We micro-
injected the rescue DNA construct into the fertilized eggs of
heterogenous mutants, picked up embryos with EGFP-positive eyes,
and then inter-crossed the offspring to obtain the bis mutant
harboring the rescue DNA construct. The bis mutant that had the
rescue DNA construct developed normally, and was indistinguishable
from the wild type. Histomorphometric analyses using Alcian blue
and Alizarin red showed that the skeletal patterning of the rescued
bis mutant indicated a restored normal morphology (Figs. 4B–J).
These results conﬁrm that the brpf1 gene was responsible for the bis
mutant.
Brpf1 is required for the maintenance of expression of Hox genes
The defect in the segment patterning along the A–P axis in the bis
mutant implies that the faulty regulation of Hox gene expression by
the chromatin structure (known as TrxG and PcG) is responsible for
the bis mutant phenotypes, because Brpf1 is a component of the
MOZ HAT complex (Doyon et al., 2006). To elucidate the involvement
Fig. 3. The bis locus encodes the brpf1. (A) Genetic map of the bis locus in LG7. The number of recombinations is shown under the line. (B) The bis mutant has a T to A non-sense
mutation in the brpf1 gene. (C) Schematic of Brpf1 protein structure in the wild type and the bis mutant. The T to A transition results in the Y810Stop and thus generates a
truncated Brpf1 protein with the bromo domain as its end in the bis mutant. (D–I) The expression pattern of brpf1. (D) brpf1 is expressed ubiquitously at st 21. (E) The expression
of brpf1 became intense in the head at st 30. The arrow and arrowhead indicate the expression of brpf1 at the pharyngeal arch and hindbrain, respectively. (F, G) The expression of
brpf1 at 4 dpf after long exposure. The expression of brpf1 is observed in the trunk region and caudal end. (H, I) Lateral view of expression of brpf1 in the wild type (H) and in the
bis mutant (I) at st 30. The expression of brpf1 is normal in the bis mutant. (J, K) Confocal microscope images of the brpf1-GFP transgenic medaka. The GFP signals are observed to
have a pattern similar to that of the endogenous brpf1 expression (J and K, arrowhead. Compare with the E and F). The intense signal was a non-speciﬁc signal due to pigment
(arrow in “K”).
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of hoxa2a, hoxa3a, hoxa4a, hoxa5a, hoxb1a, hoxb2a, hoxb3a, hoxb4a,
and hoxb5a in medaka, which were previously reported to be
expressed in the pharyngeal arches and involved in the establish-
ment of the A–P axis identity of the pharyngeal arches and hindbrain
in mice and zebraﬁsh (Favier and Dolle, 1997; Kimmel et al., 2001).
Although the expression of hoxb1awas maintained in rhombomere 4
during development of the wild-type at st 29 to st 31 (Supplemen-
tary Fig. 2A), the expression gradually decreased in the bis mutant
(Supplementary Fig. 2B).
Hox2 and 3 group genes play a crucial role in determining the
segmental identity at the second and third pharyngeal arches,
respectively (Kimmel et al., 2001). We ﬁrst examined the
expression of Hox 3 group in the bis mutant, because the ectopic
cartilage formation at the third pharyngeal arch implied the
disruption of the segmental identity at the third arch in the bis
mutant. The expression of both hoxa3a and hoxb3a was severely
decreased at this pharyngeal arch and mildly decreased in the
hindbrain of the bis mutant (Fig. 5A, B arrow and arrowhead in
right panels), compared with that in the wild type (Figs. 5A, B
arrow and arrowhead in left panels). Notably, the expression at the
third pharyngeal arch was most affected and completely abolished
in the bis mutant (Figs. 5A, B, line). These results suggest that the
segmental identity of the third arch had transformed to become
another segmental identity in the bis mutant. In other Hox genes,
similar decrease was observed in the bis mutant (Supplementary
result and Supplementary Figs. 2C, D).These Hox genes were normally expressed in the early stage (st
22–27) in the bismutant (data not shown). These results suggest that
Brpf1 is involved in the maintenance of the expression of Hox genes in
the pharyngeal arches.
The segmental identities are disrupted in the pharyngeal arch in the bis
mutant
The maintenance of the expression of Hox genes is essential for the
establishment of the segmental identity of the pharyngeal arches
(Santagati et al., 2005). The segmental identities of pharyngeal arches
are deﬁned by the expression of goosecoid (gsc) and bapx1, which are
essential for the proper patterning of the craniofacial cartilage
(Rivera-Perez et al., 1995; Tucker et al., 2004). To investigate the
effects of decreased expression of Hox genes on pharyngeal arch
identities in the bis mutant, we examined the expression of gsc and
bapx1 at the late stage (st 30), when the expression of Hox genes
was severely decreased in the pharyngeal arches in the bis mutant.
Although gscwas expressed in the ﬁrst and second pharyngeal arches
in the wild type, an ectopic expression of gscwas detected in the third
and fourth arches in the bis mutant (Fig. 5C, arrows in upper panels).
The expression of gsc in the ﬁfth to seventh pharyngeal arches
corresponding to the putative pharyngeal teeth was decreased in the
bis mutant (Fig. 5C, arrowheads in lower panels), arches which
correspond to the putative pharyngeal teeth. The expression of bapx1
at the pharyngeal arch was also anteriorized in the bis mutant
(Supplementary result and Supplementary Figs. 3A, B). In mice,
Fig. 4. brpf1 is responsible gene for the bismutant (A) Schematic of the rescue DNA construct. This construct contains the 6-k brpf1 promoter, genomic sequence coding for the Brpf1
protein, and crystalin promoter-GFP. (B–D) The lateral view of the wild-type (B), bis (C), and rescued bis larva (D) at 3 dph is shown. Rescue construct-treated bis mutants show
restoration of the normal morphology. The inset in “D” shows the expression of GFP in lens. (E–G) Ventral view of craniofacial cartilage of the wild type (E), bis (F), and rescued bis
larva (G) stained with Alcian blue. The ectopic cartilage and shrunken gill arches were not observed in the rescued bismutant. (H–J) The lateral view of caudal ﬁn rays of the wild-
type (H), bis (I), and rescued bis (J) larvae stained with Alizarin red. Ectopically formed dorsal ﬁn rays are not observed in the rescued bis mutant.
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(Le Douarin and Jotereau, 1975; Manley and Capecchi, 1997, 1998).
Then, we investigated rag1 expression which was expressed in the
hematopoietic cells at the thymus (Willett et al., 1997). In the bis
mutant, rag1 expression was reduced compared with the wild type
(Supplementary result and Supplementary Fig. 3C). These results
indicate that the segmental identity of pharyngeal arches was altered
to the anterior identity in the bis mutant.
Brpf1 is required for the maintenance of Hox gene expression in the
posterior region
The decreased expression of Hox genes in the anterior region can
account for the anterior transformation of the pharyngeal arch in the
bis mutant, whereas it still remained unclear how this decreased
expression would result in the defect in the caudal ﬁn. To clarify the
caudal ﬁn phenotype of the bis mutant, we focused on the Brpf1
function that is required for the maintenance of the expression of the
posterior Hox genes. We then investigated the expression of Hox
genes that are expressed in the caudal trunk region (hoxa13a, hoxc11a,
hoxc12a, hoxc13a, hoxd11a and hoxd12a). Although hoxc11a was
expressed in the caudal trunk in the wild type at 4 to 6 dpf, its
expression gradually decreased in the bis mutant at 4 to 6 dpf (Fig.
6A). Expression of hoxc12awas detected in the caudal trunk region in
the wild type. In the bismutant, this expression was decreased at 4 to
6 dpf (Fig. 6B). The hoxc13a gene was expressed in the tip of the wild-
type tail; whereas, in the bis mutant, the expression gradually
decreased at 4 to 6 dpf (Fig. 6C). For other Hox genes, a similar
decrease was observed in the bismutant (Supplementary Figs. 4A–C).
Then, to investigate whether Brpf1 has a role in the maintenance of
the expression of all Hox genes, we examined the expression of Hoxgenes located at the center of the Hox cluster. In the bis mutant, the
expression of hoxa9a, hoxb6a, and hoxb8a were not affected, and the
expression of hoxb9a was mildly decreased. On the other hand, the
expression of hoxd10a was severely decreased in the bis mutant
(Supplementary Figs. 5A–E). These results suggest that Brpf1 is
required for the maintenance of the expression of the anterior and
posterior Hox genes but not for that of the center Hox genes.
The caudal skeletal phenotypes of the bis mutant were similar to those of
the double anal ﬁn mutant (Da) in medaka
Posteriorly, the bis mutant exhibited the abnormality of D–V axis
formation at the caudal ﬁn. Then, we focus on the Da mutant which
exhibits abnormal D–V axis formation in its somite and epithelial
derivatives (Ohtsuka et al., 2004). To elucidate the similarity and
difference between phenotypes of the bis mutant and those of the
Da mutant in the caudal tissue, we compared the caudal skeletal
abnormalities between the 2 mutants. The phenotype of caudal ﬁn
in the bis mutant was very similar to that of the Da mutant (Figs.
7A, B, arrows; C, D, arrows), implying that a similar mechanism
was disrupted in the caudal ﬁn of the Da and bis mutant. On the
other hand, the extra vertebra and fused hypurals were not
observed in the Da mutant (Figs. 7A, B, arrowheads; C, D). We
then elucidated whether the expression of Hox genes was affected
in the posterior region in the Da mutant. Although the expression
of hoxa13a and hoxc13a in the posterior region was severely
decreased in the bis mutant (Supplementary Fig. 4A and 6C), the
expression of these Hox genes was normally expressed in the Da
mutant (Figs. 7E, F). This result suggests that the expression of Hox
genes is not directly linked with the appropriate D–V axis forma-
tion of the caudal ﬁn.
Fig. 6. Brpf1 is required for the regulation of expression of posterior Hox genes.
Developmental stages of the embryo are indicated in the lower right corners, and
lateral views are shown for all photos. (A) Expression of hoxc11a in the wild type and
the bis mutant. The expression of hoxc11a gradually decreases in the bis mutant. (B)
Expression of hoxc12a in the wild type and the bis mutant. The expression of
hoxc12a is also decreased in the bis mutant. (C) Expression of hoxc13a in the wild
type and the bis mutant. The expression of hoxc13a has completely decreased by
6 dpf in the bis mutant.
Fig. 5. Brpf1 is essential for the maintenance of expression of Hox genes and
establishment of identities of pharyngeal arch. Developmental stages are indicated in
lower right corners. (A) Expression of hoxa3a in the wild type and the bis mutant.
Arrows indicate the expression, which is decreased in the third and fourth pharyngeal
arches. (B) Expression of hoxb3a in the wild-type and the bis mutant. Arrows indicate
the expression, which is reduced in the third and fourth pharyngeal arches. Note that
the decrease in the levels of expression of Hox genes in the hindbrain was less severe
than in those ofHox genes in the pharyngeal arches (arrowhead and arrow, respectively,
in “A, B”). (C) Upper panels show ventral views and lower panels show lateral views of
expression of goosecoid (gsc) in the wild type and the bis mutant. Arrows indicate the
expression, which is ectopic in the third and fourth pharyngeal arches in the bismutant.
Arrowheads indicate the expression in the ﬁfth to seventh pharyngeal arches, which is
decreased in the bis mutant.
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bis mutant
The Da mutant has 2 insertions near the zic1 and zic4 genes,
resulting in the decreased expression of zic1 and zic4 genes at the
dorsal somite in the Da mutant (Ohtsuka et al., 2004). To
investigate the D–V axis formation governed by Zic genes in the
bis mutant, we examined the expression of zic1 and zic4 genes in
it. The expression of the zic1 gene gradually decreased in the
dorsal neural tube and somatic cells in the bis mutant from 4 to
6 dpf, compared with that in the wild type (Figs. 8A, B). The zic4gene was also decreased in expression in the bis mutant (Fig. 8C,
D). Although, in the bis mutant, the expressions of zic1 and zic4
genes were severely decreased at the caudal tissue, their expres-
sions were not affected in the midbrain, hindbrain and anterior
neural tube (Fig. 8E, arrows and arrowheads and data not shown).
These results suggest that the disruption of the D–V axis formation
at the caudal ﬁn in the bis mutant was due to the decreased
expression of Zic genes in the posterior trunk.
MOZ HAT complex has a common role in the skeletal patterning
In medaka, Brpf1 has a crucial role in the patterning of the
anterior and posterior skeletons. We then investigated whether the
function of the MOZ HAT complex in the skeletal patterning was
common between ﬁshes and mammals. To examine the skeletal
abnormality in the Moz−/− mice (Katsumoto et al., 2006), we
stained cartilages of E14.5 embryos with Alcian blue. The lesser horn
Fig. 7. The Da mutant exhibits a caudal ﬁn phenotype similar to that of the bis mutant.
Lateral views are given for all photos. (A, B) Caudal skeleton stained with Alizarin red at
3 dph. Ectopic dorsal formation of ﬁn rays is evident in both the bis mutant and the Da
mutant (arrow). However, evidence of ectopic formation of vertebrae is not observed in
the Da mutant (arrowhead), though it is in the bis one (arrowhead). (C, D) Cartilage
stained with Alcian blue at 3 dph. Evidence of ectopic dorsal formation of hypurals is
seen in both the bis mutant (arrow) and the Da mutant (arrow). However, the fused
hypurals are not observed in the Da mutant. (E) Expression of hoxc13a in the Da
mutant. (F) Expression of hoxa13a in the Da mutant. The expression of hoxc13a and
hoxa13a is normal in the Da mutant.
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greater horn, from the third pharyngeal arch. Moreover, the hyoid
body is derived from the second and third pharyngeal arches
(Lumsden et al., 1991; Noden, 1978, 1988). In the ventral view of
hyoid cartilage, the shape of the hyoid body was changed rostrally to
an acute shape in the Moz−/− mice (Figs. 9A–G); and in the
anterior view, the lesser horn of hyoid was seen to have fused to the
hyoid body in the Moz−/− mice (Figs. 9C, D, G). In the dorsal–
lateral view, an accessory projection was observed on the greater
horn of the hyoid in the Moz−/− mice (Figs. 9E, F, G). Although in
the Moz−/− mice, a small ectopic cartilage was formed adjacent to
the styloid process, other structures derived from the second
pharyngeal arch were not affected in the Moz−/− mice (Supple-
mentary Figs. 7A–D). In the bismutant, the ﬁrst cervical vertebra was
fused to the head skeleton. So we examined the cervical skeleton of
the Moz−/− mice. The neural arches of the cervical vertebrae were
fused, and those of the axis and C3 were thickened in Moz−/−mice
(Figs. 9H, I). Notably, the morphological feature of C3 neural arch has
changed to that of axis (Figs. 9H, I, asterisks). In addition, the atlas
was fused to the exoccipitals in the Moz−/− mice (Figs. 9J–M). In
the posterior region, the Moz−/−mice had a kinky tail, although we
failed to ﬁnd an abnormality of posterior cartilage formation in the
Moz−/− mice (Supplementary Figs. 7E, F). These results suggestthat the MOZ HAT complex plays an essential role for the proper
skeletal patterning in mice.
MOZ HAT complex was required for the transcriptional regulation of
anterior and posterior Hox genes in mice
Moz−/− mice exhibited the similar phenotype in cervical
cartilage to that in Hox4 deﬁcient mice (Horan et al., 1995). We
then examined whether the MOZ HAT complex was required for the
maintenance of expression of Hox genes. The expression of Hoxa3
and Hoxa4 were mildly decreased at the rhombomere and neural
tube in Moz−/−mice (Figs. 10A, B, arrowheads). On the other hand,
their expressions were severely reduced at the somite (Figs. 10A, B,
arrows). Consistent with the observation of the medaka brpf1
mutant, in Moz−/− mice, the expressions of Hoxa3 and Hoxa4
were also decreased at the third and fourth pharyngeal arch,
respectively (Figs. 10A, B, arrows in lower panels). Although the
decrease of Hoxa3 expression was observed, it was less severe than
that of Hoxa4 expression at the pharyngeal arch. Furthermore, we
examined the expression of posterior Hox genes; Hoxd10 and Hoxd11.
In Moz−/− mice, the expressions of Hoxd10 and Hoxd11 were also
reduced at the somite (Figs. 10C, D, arrows). These results suggest
that, in mice, the MOZ HAT complex were also required for the
maintenance of the expression of anterior and posterior Hox genes.
Discussion
In this study, we characterized the bis mutant in medaka, which
exhibits defects in the development of its craniofacial and caudal
skeletons. The expression of Hox genes was decreased during
development of the bis mutant, compared with that of the wild
type. Genetic analysis and the rescue experiment demonstrated that
the loss of Brpf1 functionwas the cause of the bis phenotypes. Brpf1 is
a partner of the MOZ HAT complex, which is essential for the
maintenance of the expression of Hox genes, suggesting that the
segmental identities along the A–P axis, which are governed by Hox
genes, are disrupted in the bis mutant. Thus, we conclude that Brpf1
maintains the expression of Hox genes by regulating the modiﬁcation
of chromatin.
Brpf1 behaves as a part of the MOZ HAT complex functionally in skeletal
development
Brpf1 contains multiple domains with the afﬁnity for the
modulated histone tail, suggesting that Brpf1 regulates transcrip-
tion via modulating the chromatin structure. Previous studies
showed that Brpf1 is a member of the MOZ HAT complex (Doyon
et al., 2006; Yang and Ullah, 2007). Targeted inactivation of Moz in
mice resulted in reduced hematopoiesis and decreased expression
of Hoxa9 gene in fetal liver (Katsumoto et al., 2006; Thomas et al.,
2006). In addition, spleen formation was disrupted in the Moz−/−
mice. We also observed that spleen formation was disrupted in the
bis mutant (data not shown). ENU-induced mutation of the moz
gene in zebraﬁsh causes the homeotic transformation of the
craniofacial cartilage and the decreased expression of Hox genes
in the pharyngeal arches (Crump et al., 2006; Miller et al., 2004).
Recently, phenotypes of the ENU-induced zebraﬁsh mutant brpf1
were shown to be similar to those of the zebraﬁsh moz mutant,
and the expression of Hox genes in the pharyngeal arches was
decreased in the zebraﬁsh brpf1 mutant (Laue et al., 2008).
Consistent with these previous reports, the bis mutant exhibited
the anterior transformation of craniofacial cartilage and the
deceased expression of Hox genes. In this study, we performed
the brpf1 morpholino anti-sense oligo experiment; however we
failed in the phenocopy of bis mutant (data not shown), because
the developmental stage of the establishment of pharyngeal arch
Fig. 8. The bis mutant exhibits decreased expression of Zic genes. Lateral views are given in all photos. (A, B) Expression of zic1 in the posterior region in the wild type and the bis
mutant. Although the expression of zic1 is normally expressed in the bismutant at 4 dpf, the expression gradually decreases at 5 and 6 dpf. (C, D) Expression of zic4 in the posterior
region in the wild type and the bismutant. The expression of zic4 is normal in the bismutant at 4 dpf, whereas it gradually decreases at 5 and 6 dpf. (E) Lateral view of the expression
of zic1 in the wild type and bis larvae. Although the expression of zic1was decreased at the caudal tissue (arrowhead), it was not affected in the anterior neural tube and hindbrain
(arrow).
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we demonstrated that re-introduction of the normal brpf1 gene
into the bis mutant could rescue the bis phenotype, and inhibition
of HDAC activity partially rescued the phenotype of bis mutant
(Supplementary result, Supplementary Fig. 6 and Supplementary
Table 1); although, the efﬁciency of TSA treatment in the bis
mutant was signiﬁcantly lower than that of the zebraﬁsh moz and
brpf1 mutants, probably due to the different sensitivity to TSA
between two species. Thus, we suggest that Brpf1 behaves as a part
of MOZ complex functionally in skeletal development.
The decreased expression of Hox genes in the pharyngeal arches causes
homeotic transformation in the bis mutant
Our study demonstrates that Brpf1 is required for the proper
patterning of the craniofacial cartilage, which is derived from neural
crest cells that migrate from the hindbrain. Hox signaling has been
implicated in the establishment of segmental identities of cranial
neural crest cells. Hox2-group genes determine the identity of the
second arch. A mutation in the Hoxa2 gene in mice or knock down
of hoxa2b and hoxb2a genes in zebraﬁsh leads to a homeotic
transformation of the second arch to the ﬁrst arch identity
(Gendron-Maguire et al., 1993; Hunter and Prince, 2002). The bis
mutant exhibited the partial transformation of the second arch to
the ﬁrst identity, which is consistent with the deceased expression
of the hoxb2a gene. Although zebraﬁsh moz and brpf1 mutants
exhibited a complete transformation of the second arch identity to
the ﬁrst arch identity, the skeletal transformation of the second arch
element was not signiﬁcant in the bis mutant. This phenotypic
difference between zebraﬁsh and medaka may be due to the
difference in the Hox cluster evolution. For example, although the
expression of hoxa2a was maintained in the second pharyngeal archin the bis mutant, hoxa2a does not exist in zebraﬁsh (Hoegg et al.,
2007; Kurosawa et al., 2006), suggesting that a Hox paralogue
group, hoxa2a, has a functional redundancy in determining the A–P
axis identity in the bis mutant. Thus, in the disruption of Brpf1
function, the other redundant mechanism may act in the main-
tenance of the expression of hoxa2a.
The bis mutant displayed decreased expression of Hox3 genes
and ectopic expression of gsc in the third pharyngeal arch, implying
that the segmental identity of the third pharyngeal arch had
changed to that of the second pharyngeal arch in the bis mutant. A
loss of the thymus in the Hox3 group knock-out mice is consistent
with that in the bis mutant (Manley and Capecchi, 1995, 1998).
Furthermore, the fusion of the ﬁrst vertebra to the head skeleton in
the bis mutant probably corresponds to the similar phenotype in
the Hox3 group knock-out mice (Condie and Capecchi, 1994; Manley
and Capecchi, 1997). Although skeletal phenotypes of knock-out
mice of the Hox3 paralogue group did not display an apparent
transformation of the third arch-derived structure, the decreased
expression of Hox3 genes in the valentino mutant of zebraﬁsh and
the kreisler mutant of mice causes ectopic cartilage formation in the
third pharyngeal arch, whose characteristic features resemble the
hyoid derived from the second arch (Frohman et al., 1993;
Manzanares et al., 1999; Moens et al., 1998; Prince et al., 1998).
Thus, the decreased expression of Hox3 genes might cause the
homeotic transformation of the third arch identity into the second
arch identity in the bis mutant.
The abnormality in D–V axis formation in the caudal ﬁn occurs due to
decreased expression of Zic genes in the bis mutant
The bis mutant exhibited abnormalities in its posterior skeletal
patterning. Although these phenotypes were not described in moz
Fig. 9. Moz−/− mice exhibit abnormal patterning in hyoid and cervical cartilages (A–F). The hyoid cartilage was stained with Alcian blue. (A, B) Ventral views of the hyoid
cartilage. The hyoid body is seen (arrows), which in the Moz−/− mice has morphological similarity to Meckel's cartilage. (C, D) Anterior views of the hyoid cartilage. The lesser
horn of the hyoid (arrows) has fused to the hyoid body in the Moz−/− mice but not in the wild type; and an accessory process is notable on the greater horn of the hyoid in the
mutant (arrowhead) but is absent in the wild-type (arrow indicating its absence). (E, F) Dorsal–lateral view of the greater horn of the hyoid, showing the same phenotypes as seen
in the anterior view. (G) A schematic of the hyoid cartilage in the wild type +/+ and Moz−/−mice. (H–M) Cervical cartilages were stained with Alcian blue. (H, I) Lateral views
of the cervical cartilage. The neural arches of atlas, axis, and C3 (arrows) are fused in the Moz−/− mice. The morphological feature of the neural arch of C3 (asterisks) has
changed to that of the axis. (J, K) Dorsal–lateral views of the cervical cartilage. The atlas (arrows) has fused to the exoccipital in the Moz−/− mice. (L, M) Dorsal views of the
cervical cartilage. The ventral part of the atlas (arrows) has been deleted in the Moz−/− mice. mc, Meckel's cartilage; hb, hyoid body; lh, lesser horn of hyoid; gh, greater horn of
hyoid; C1–C5, cervical vertebra 1 to 5; at, atlas; ax, axis.
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in the posterior trunk region in zebraﬁsh (ZFIN: MGC55530). The
bis mutant exhibited the D–V axis disruption in its caudal ﬁn.
Our study revealed that the expression of zic1 and zic4 genes in
the posterior trunk region was severely decreased in the bis
mutant, suggesting that the disruption of the D–V axis was due to
the decreased expression of these genes.
The bis mutant also exhibited decreased expression of Hox genes
in the posterior trunk region. It should be noted that their expression
decreased earlier than that of Zic genes in the posterior region (Figs. 6
and 8). Furthermore, in the Da mutant, Hox genes were normally
expressed in the posterior region. Although no other previous reports
have described the relationship between Hox genes and Zic genes in
vivo, the Chip-on-Chip assay for Hoxa13 showed that the Hoxa13protein binds to the zic1 and zic4 promoter sequence (Rinn et al.,
2008). Therefore, our ﬁndings suggest that Brpf1 regulates the
expression of Zic genes via the regulation of Hox genes.
The decreased expression of Hox genes causes the abnormal patterning
of caudal vertebrae in the bis mutant
The bis mutant exhibited similar phenotypes as the Da mutant
in its caudal ﬁn. On the other hand, the phenotypes of caudal
vertebra and hypural were different between the 2 mutants. This
result indicates that this abnormality is caused independently by the
decreased expression of Zic genes. The targeted disruption of Hox13
genes results in the anterior transformation or an increased number
of caudal vertebrae (Dolle et al., 1993; Economides et al., 2003;
Fig. 10.Moz−/−mice exhibited the decrease of the expression of anterior and posterior Hox genes. Whole-mount in situ hybridization was performed at E11.5 in the wild type and
Moz−/− mice. (A) Expressions of Hoxa3 in the wild type and Moz−/− mice. Expressions of Hoxa3 were mildly decreased in the rhombomere and neural tube in Moz−/− mice
(arrowheads in upper andmiddle panels). On the other hand, their expressionswere decreased at the somite inMoz−/−mice (arrows in upper andmiddle panels). Expressions ofHoxa3
weremildlydecreased at the thirdpharyngeal arch inMoz−/−mice (arrows in lowerpanels). (B)Expressions ofHoxa4 in thewild type andMoz−/−mice.A similar decreasewasobserved
inMoz−/−mice (arrows and arrowheads in upper andmiddle panels). Note that the expressions ofHoxa4 at the pharyngeal arches were severely decreased inMoz−/−mice (arrows in
lower panels). (C) Expressions of Hoxd10 in the wild type and Moz−/−mice. The expression of theHoxd10was severely decreased in the somite and neural tube (arrows). However the
expression of Hoxd10 in the hind limb was not decreased (arrowheads). (D) Expressions ofHoxd11 in the wild type and Moz−/−mice. Expressions of Hoxd11were also decreased at the
somite and neural tube in Moz−/−mice (arrow). Expressions of Hoxd11were not affected at the hind limb (arrowhead). pa3; third pharyngeal arch, pa4; fourth pharyngeal arch.
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of vertebral morphology was not observed in the bis mutant, the
hypurals of the caudal vertebrae were reduced in size ordisappeared in the bis mutant. This phenotype might be caused
by the partial transformation of caudal vertebrae into the morphol-
ogy of anterior ones.
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In this study, we demonstrated that Brpf1 regulates the expression
of Hox genes in the anterior and posterior regions of the developing
body but not that of those in the central region. Previous studies on
the function of TrxG mainly were performed on mll knock-out mice
and focused on the gene-speciﬁc regulation of Hox genes. In mll
knock-out mice, the expression of hoxa7, hoxd4, and hoxc8 was
decreased at the central region of the developing embryo (Glaser et
al., 2006; Terranova et al., 2006; Yu et al., 1998, 1995). On the other
hand, the bis mutant exhibited decreased expression of Hox genes in
the anterior and posterior regions. It should be noted that the
expression of Hox genes located at the center of the Hox cluster and
expressed in the central region of the developing embryo was not
affected or only mildly decreased in the bis mutant (Supplementary
Fig. 5), implying the gene-speciﬁc regulation of Brpf1 in the
maintenance of the expression of the Hox genes. In A–P axis
formation, in addition to Hox genes, FGF and RA signals are also
involved in the initial establishment of A–P axis formation (Bel-Vialar
et al., 2002; Diez del Corral and Storey, 2004). FGF preferentially
functions in the anterior and posterior axial formation, whereas RA
preferentially functions in the central axial formation. The regions
where the expression of Hox genes was decreased in the bis mutant
have a strong relation to the FGF organizing area, suggesting that MOZ
HAT complex may collaborate with FGF signaling in the regulation of
Hox gene expression. In addition, although the expression of Hox
genes was decreased in various regions of the developing body of the
bis mutant, the expression of some Hox genes was only mildly
decreased at certain restricted regions, e.g., hindbrain, posterior
pharyngeal arch. These ﬁndings suggest that a different requirement
for Brpf1 exists at the different regions or that some other factors
function redundantly at these regions. To estimate the functional
redundancy of Brpf1, we examined the expression of all Brpf families,
which include brpf1, brpf2, and brpf3, and found that these genes were
expressed in similar regions (data not shown), indicating that brpf2
and brpf3 have no functional redundancy in maintaining the Hox
expression. In this study, the detailed mechanisms which underlie the
maintenance of Hox genes have not been clariﬁed. A further study is
required to elucidate how the expression of each Hox gene in various
tissues is differently regulated by the chromatin regulation.
A common role of the MOZ HAT complex in skeletal development via
regulating the expression of Hox genes
In this study, we also demonstrated the abnormality of the skeletal
patterning in the Moz−/−mice. The shape of the hyoid cartilage was
changed in the Moz−/−mice. In the ventral view, the shape of hyoid
body was similar to that of Meckel's cartilage. In addition, the
accessory process on the greater horn of the hyoid in the Moz−/−
mice was similar to the phenotype of kreisler mutant mice and
zebraﬁsh valentine mutant, in which the reduced expression of Hox3
genes is observed, and the lesser horn of the hyoid is ectopically
formed on the greater horn of the hyoid (Frohman et al., 1993; Kimmel
et al., 2001; Manzanares et al., 1999; Prince et al., 1998). Consistent
with these reports, Moz−/− mice exhibit the reduction of Hoxa3
transcript at the third pharyngeal arch. In the cervical region, the axis
was fused to the exoccipital in the Moz−/− mice. A similar
phenotype was demonstrated in the Hox 3 paralogue group knock-
out mice (Condie and Capecchi, 1994; Manley and Capecchi, 1997).
Furthermore, the neural arch of the C3 had a morphological similarity
to that of the axis, and the fused neural arches in cervical vertebrae
were similar to those of the Hoxa4 and Hoxb4 double knock-out mice
(Horan et al., 1995). Consistently, Hoxa4 transcripts were decreased
at the somite in Moz−/− mice, suggesting that the abnormality of
cervical vertebrae was caused by A–P axis disruption. Furthermore, in
the posterior region, the Moz−/− mice exhibited a decrease ofHoxd10 and Hoxd11 expressions. However, we failed to ﬁnd
abnormalities of cartilage formation in the Moz−/− mice at the
position of the hind limb (data not shown). It may be possible that
ﬁnding the abnormality of the Moz−/− mice was difﬁcult, because
the posterior skeleton has not fully formed at E14.5. Thus, these
results suggest that the abnormal skeletal phenotypes of theMoz−/−
mice were caused by the decreased expressions of Hox genes, and the
common mechanism using MOZ HAT complex exists in the skeletal
patterning in vertebrate development.
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